The aim of this paper is to develop and simulate elastic-perfectly plastic contact theories for proper determination and estimation of contact area in manipulation of micro/nano bioparticles. The nanoparticles studied in this paper are categorized into three different cancerous cell types, lowly (LNCaP) and highly metastatic human prostate cancer cells (CL-1, CL-2), two normal bladder cells (Hu609 and HCV29) and three cancerous bladder cells (Hu456, T24 and BC3726). First, Hertz elastic model, finite element, and Brake and Chang elastic-perfectly plastic models with two different elastic states were simulated for Hu609 and Hu456 cells, and the results were compared against each other. Then, material and geometry effects of particles during contact were taken into account. Additionally, contacts of micro/ nanoparticle-substrate and micro/nanoparticle-atomic force microscope tip were studied. The results of contact simulations indicate a meaningful difference in distinct models. It can be inferred from the difference between Brake and Chang elastic-perfectly plastic models and Hertz theory that the latter is unable to describe the contact behaviour of very soft bioparticles. In most of previous studies, elastic contact theories such as Hertz and JKR have been used to calculate mechanical properties of soft particles manipulation; for the first time, however, two Brake and Chang theories have been used here to calculate the mechanical properties of bioparticles and to simulate the contact mechanics for use in biomanipulation based on the atomic force microscopy.
Introduction
Today, applications of atomic force microscope (AFM) are well known to those who work in biological sciences. Applications of this device in measuring intermolecular forces, identifying properties of various cells, imaging and also manipulating them are significantly increasing. Utilization of AFM for manipulating various cells dates back to the second half of the 20th-century. 1 Falvo studied modelling of nanoparticles manipulation and interaction forces exerted on the particle regardless of the adhesion forces. 2 Korayem et al. checked out the importance of micro/nanoparticles manipulation in biological environments. 3 Manipulations of clusters at the nanoscale have always faced many challenges. Hynninen et al. investigated these challenges to direct the manipulation of a nanocluster beyond the constraint of the tip's scanning direction. 4 Korayem et al. studied the simulation of cylindrical and capped cylindrical micro/nanoparticle contact. They concluded that the indentation depth of capped cylindrical particles is less than that of spherical particles and larger than cylindrical particles. 5 They also investigated the geometrical effects in the carbon allotropes manipulation based on molecular dynamics approach. 6 As mentioned earlier, AFM is widely used in identifying mechanical properties of cells. Dimitriadis et al. used AFM to determine the modulus of elasticity of thin smooth materials. 7 Lee et al. developed a novel method and device for measuring the mechanical properties of micro/nanostructures. Kasas et al. also used atomic force microscopy to study mechanical properties, such as Young's modulus, Poisson's ratio, hardness and adhesion of biological specimens. They examined viruses, bacteria, yeasts, plant cells and some cells existing in mammals' bodies. 9 The prediction of contact mechanics is probably the most important part of manipulation simulation. Therefore, Sitti et al. suggested a teleoperated nanoscale touching system and studied continuum contact mechanics models in nanoscale. 10 Shen et al. investigated the effect of ambient humidity on the adhesion force of a single yeast cell. Their research presented a new method for measuring a single cell adhesion force of the yeast based on nanorobotic manipulation system inside an environmental scanning electron microscope.
11 A more precise model can be used for better estimation of the contact zone. Zhupanska studied the contact mechanics of a cylinder and an elastic half space. Since Zhupanska had considered friction force in his study, his theory was different from JKR theory. He observed that for the same exerted load, his presented contact area is smaller than JKR model, which is due to the adhesion force in JKR model. 12 Korayem et al. studied JKR contact model for nanomanipulation of biological cells in two liquid and air media. Since JKR contact model also considers adhesion energy, the interaction force and deformation in liquid and air media are different. Finally, the results were compared with the results of the gold nanoparticle in the similar condition and theoretical and experimental results of mouse embryonic stem cells. This study showed that to make the same deformation in DNA and gold nanoparticle, different forces are required owning to the difference in their modulus of elasticity. This was also confirmed by sensitivity analysis. 13 Chong et al. investigated a realistic friction model that takes into account the wet nature of the asperities. The interaction of surface and liquid was the main contribution of them. They showed that ignoring the effect of surface wetness can lead to the overestimation of boundary friction and under-estimation of contact load-carrying capacity. 14 Wu studied the contact mechanics of a cylinder and a half space in the presence of adhesion force. In this study, Wu used available numerical results of a sphere and a half space contact in the presence of adhesion force. In this work, Lennard-Jones potential and Derjaguin approximation were used to model the potential force. Finally, his model was compared with the two-dimensional Maugis model. The results showed that Maugis model is adequate for studying the contact between a cylinder and a half space in the presence of adhesion force. 15 Daeinabi and Korayem studied the indentation depth of spherical nanoparticles based on AFM in the manipulation using nanomechanics contact models. 16 Most of the mentioned activities executed in the field of calculating mechanical properties of bioparticles and manipulating them based on AFM have considered the contact in an elastic state. However, to calculate mechanical properties and to simulate the contact of biological cells more accurately, it is necessary to know the exact shape of the cell and use the precise contact model. The main application of this paper is modelling and simulation of different elastic-plastic models for micro/nanoparticle manipulation based on atomic force microscopy and using these models to identify the mechanical properties of biological particles such as cancer cells. On the other hand, the essential motivation of writing this paper is the lack of previous theory for obtaining the mechanical properties of soft materials. Therefore, in this paper, the identification and development of elasticperfectly plastic contact models have been attempted to simulate the contact mechanics problem, calculate mechanical properties, and manipulate based on AFM; also it has been showed that use of elastic models is not appropriate for all particles.
Contact mechanics models

Hertz elastic theory
Hertz model can be considered as the simplest contact theory. 17 This theory merely states the elastic contact between a sphere and a flat surface without considering adhesion. Moreover, surface and adhesion forces are not included. Therefore, if surface forces exist, for small loads and small indentation depths, this theory will not yield correct answers. Since the main aim of this paper is studying contact mechanics application in the manipulation of bio-nanoparticles based on AFM, this theory can only be used when the contact area is small compared to the sizes of the objects, without any adhesion, and the material is hard. All the equations needed for the calculation of Hertz indentation depth and Hertz contact radius have been thoroughly described in Korayem and Taheri. 18 An important point in the simulation of the contact mechanics of bio-nanoparticles for use in the manipulation based on AFM is that most of the bioparticles have low modulus of elasticity and are soft. Consequently, it seems necessary that in order to determine the contact mechanics parameters, a contact theory is required which takes the elastic-plastic characteristic of bioparticles into account.
Chang elastic-perfectly plastic theory
A contact model for power-law hardening materials while considering elastic-perfectly plastic contact of rough surfaces was used by Chang et al. 19 An important and influential parameter of this theory is critical indentation depth. Critical indentation depth, equation (1), is the indentation depth corresponding to the critical load in the sample. The critical load is a load at which the sample will begin to yield.
where H is the hardness of the sphere which is related to yield stress by 2:8 Y , M is the hardness coefficient and depends on Poisson's ratio and for a sphere is given by M ¼ 0:454 þ 0:41, 19 and
is effective modulus of elasticity where E 1 , E 2 are modulus of elasticity, and 1 , 2 are Poisson's ratios of the two surfaces in contact, and m t is a constant which depends on the geometry of the AFM tip. (m ¼ 1.5 for spherical tips and m ¼ 2 for conical shapes).
In this theory, the contact can be divided into three states: elastic state, onset of plastic deformation, and elastic-perfectly plastic state. The geometry of contact between a sphere and a rigid plate is shown in Figure 1 .
Elastic state. The contact is in the elastic state as long as the dimensionless interface (ratio of the current indentation depth to the critical indentation depth, = C ) is less than unity.
The force and area of contact in terms of indentation depth are indicated by equations (2) and (3), respectively.
Elastic range
where d c is the critical indentation depth which corresponds to the critical load, F c is the force which initiates yield, A c is critical contact area, and
Onset of plastic deformation. As the load increases, the resulting indentation depth also increases. When the exerted load reaches the critical load, the resulting indentation depth is equal to the critical indentation depth. This moment is the start of the plastic deformation state. At the onset of plastic deformation state C ¼ 1.
Elastic-perfectly plastic state. Having passed the critical threshold, as the load increases, the contact enters the elastic-perfectly plastic state. In this state, considering the amount of indentation, the contact is divided into two sections. If 1 0 C 0 6, the relationships between the dimensionless contact load and the dimensionless interference, and between the dimensionless contact area and the dimensionless interference, are shown by equations (4) and (5), respectively.
If the dimensionless interference is larger than 6, the contact enters the second section. The relationship between the dimensionless contact load and the dimensionless interference is shown in equation (6), and the relationship between the dimensionless contact area and the dimensionless interference is presented in equation (7).
Brake contact model
A new formulation for the contact of two spherical surfaces in the elastic-perfectly plastic state was presented by Brake. 20 Three phases for contact were considered by him: the elastic regime, the mixed elastic-plastic regime and the fully plastic regime. Hertz theory was used for the elastic regime formulation. To simplify more, it was assumed that in the perfectly plastic regime, the pressure distribution is constant and the relationship between the exerted force and indentation depth is linear. His model was evaluated using experimental data and compared with other models. The elastic-plastic contact of two spheres is shown in Figure 2 (a) (indentation depth) and (b) (contact radius).
Elastic regime. Using the Hertz classical theory, the relationships between the force, indentation depth and also contact radius at the end of elastic regime will be as equations (1) and (8).
where a y is the contact radius of the elastic regime, y is the indentation depth of elastic phase at yield.
Plastic regime. There are two assumptions in this phase: the first is the constant P 0 pressure throughout the phase and the second is the linear relationship between force and indentation depth; therefore, in order to calculate the force, indentation depth, and the contact radius, equations (9) to (11) can be used.
Mixed elastic-plastic regime. In this state, the force, indentation depth and contact radius can be calculated using the equations in the previous states. The contact radius and indentation depth can be expressed by equations (12) and (13) .
where a
Developing Brake and Chang contact theories
Due to the small deformation of Hertz theory (elastic state of Brake and Chang theories), here, Brake and Chang theories are developed. Therefore, in the elastic state of these theories, Tatara theory, which is a large deformation theory, is used. Tatara model is a contact mechanics model with large deformation in which adhesion force equations are ignored. A rubber sphere under large deformations was studied in Tatara's contact model. This rubber sphere was considered to be between two parallel planes. A compressive force was then assumed to be exerted on the sphere through the top plane. If the bottom plane is assumed to be fixed, the sphere will experience equal deformations in both directions. Since the sphere is under deformation in two directions, indentation of the measured deformation via AFM is twice the primary deformation of Hertz, dH. Contact radius and indentation depth values are calculated using equations (14) to (16) .
Simulation of contact mechanics
In this section, simulations of the contact of eight particles introduced in Table 1 have been performed. The mechanical and geometrical properties of these particles are shown in Table 1 . Also, the radius of the silicone tip is 500 nm. Therefore, in these simulations, the elastic modulus of tip is considered 135 GPa. In these simulations, the AFM tip is spherical with a 1.5 mm radius and its material is the same as the substrate which is silicon. Comparison of simulation of elastic-perfectly plastic contact to elastic contact
In this section, simulations of the tip-sample contact and the sample-substrate contact have been presented for target particles in two elastic and elastic-perfectly plastic conditions. To study the mechanical behaviours of materials more clearly, the hardest cell, Hu609 and the softest cell, Hu456, were chosen. Hertz elastic model, Brake and Chang elastic-perfectly plastic models with two different elastic states along with finite element simulation were considered for this comparison.
Finite element method was developed because of the need to solve structure analysis and complex elasticity problems. Development of this method can be referred to Hrennikoff and Courant. 23 With the emergence of finite element packages, this method has found many applications in biology. These applications are developed from load analysis of muscles and organs to experimenting on cells in the laboratory or in the living body.
In the finite element simulation, the following assumptions are taken into account:
1. The problem is axisymmetric. 2. AFM tip behaviour is elastic.
The cells are homogeneous and incompressible.
The simulated geometry along with the relevant mesh form is shown in Figure 3 .
The comparison of simulation of Hertz model, Brake and Chang elastic-perfectly plastic models with two different elastic states, and finite element model for Hu609 and Hu456 cells is shown in Figure 4 . The force diagram in terms of indentation depth for the contact of the tip of AFM and Hu609 and Hu456 particles is depicted in Figure 4 (a) and (c), while the contact of Hu609 and Hu456 particles and the substrate is displayed in Figure 4 (b) and (d). As expected, the indentation depth created in Hu609 cell was much less than Hu456 cell for the same force exerted because the mechanical properties were different. A noticeable point in these diagrams is a difference of simulation of Hertz and finite element theories with the results from Brake and Chang elastic-perfectly plastic models with two different elastic states. This difference reveals that hertz theory, which has been used in the simulation of the contact for use in the manipulation and determination of mechanical properties of soft bioparticles, was not able to explain the behaviour of the particles and should not be used for these kinds of particles. In fact, the contact model should be selected based on material properties, load and elastic region range. This is something that is not considered in some studies.
Among the two Brake and Chang theory with Hertz elastic state, Brake theory shows more realistic behaviour for elastic-perfectly plastic contact; it can be said that the relatively linear slope of Chang theory, in some cases, is unable to describe the contact behaviour of very soft particles. Nevertheless, this procedure in the simulation of Brake and Chang contact theories is different from the elastic state of Tatara. The difference between Hertz and finite element theories, and Brake and Chang theories is reduced in the contact of the tip of AFM and the target particles. The main reason for this reduction is a reduction in the equivalent radius in sphere-sphere contact geometry in comparison to half space-sphere contact geometry (10,000 nm in half space-sphere contact against 1305 nm in sphere-sphere contact). Therefore, it can be concluded that Hertz contact model in the contact of the tip of AFM and the target particle or generally in small radius contacts can yield better responses than the contact of target particles and substrate or generally large radius contacts. Furthermore, a sensible point in these simulations is the increased indentation depth in the contact of the AFM tip and the target particle comparing to the contact of target particle and substrate. This is due to the spherical geometry of the AFM tip and its small radius.
Comparing the simulation of various particles
In this section, to study the effects of material type and geometry of contact more accurately, simulations of the contact of five bladder cells have been performed using Hertz, Brake and Chang elasticperfectly plastic models with two different elastic states, and finite element theories for sphere-sphere contact (AFM tip-target particle), and sphere-half space contact (target particle-substrate). The simulation of the contact between the AFM tip and the target particles is displayed in Figure 5 . As shown in the diagrams, the cancerous cell Hu456 shows the most indentation depth in all theories. This is a result of its soft material.
The simulation results of contact between target particles and substrate is shown in Figure 6 . The results indicate that the cancer cell Hu456 also shows the most indentation depth in all of the theories under this contact condition. Moreover, a lower indentation depth can be seen in the normal cell Hu609 under identical loads due to its higher elastic modulus in comparison with other particles. Indentation depth of contact between the target particles and substrate is considerably less than that of contact between AFM tip and target particles. Also, with the reduction of the modulus of elasticity, the particles behave more nonlinearly. In view of Figure 6 , a more linear behaviour can be seen in the normal cell (HU609) compared to the cancerous cell (HU456). This behaviour is also observed in Figure 5 .
Validation of the conducted simulations
In this section, the conducted simulations were validated by available experimental data. The results of three different cancer cells, lowly (LNCaP), and highly metastatic human prostate cancer cells (CL-1, CL-2) simulation with the experimental data of Bastatas et al. is presented in Figure 7 . 21 The amount of force exerted was chosen according to the maximum exerted force in Bastatas et al. 21 The AFM tip, in this simulation, is spherical. The results show that for (CL-1) cell, Brake theory, developed by the group (elastic state of Tatara) yields more accurate answers. For (CL-2) cell, it must be noticed that for a small force, Chang theory with Tatara elastic state are closer to experimental results and for a large force, Brake theory with Tatara elastic state is closer to experimental results. Also for LNCAP soft cell, Chang theory with Tatara elastic state is more in accordance with experimental results. An important point in these three diagrams is that as ratio of critical indentation depth to the radius of target particle increases, simulations yield more acceptable results. Especially, Chang and Brake developed theories with Tatara elastic state. The simulation of lowly metastatic human prostate cancer cell (LNCaP), for instance, whose ratio of maximum deformation to the radius is about 39%, is closer to experimental results compared to CL-1 cell for which the same ratio is about 22%. This is because developed Brake and Chang theories are high indentation depth theories, which compensates for one of the biggest weaknesses of Hertz theory. 
Discussion and conclusion
Identifying the characteristics of micro/nano bioparticles and manipulating them play an important role in the diagnosis, treatment and prevention of incurable diseases such as cancer. AFM is a powerful device for imaging, identifying properties and manipulation of particles. Many factors, such as the geometry of the particle or the environment of the experiment, have impacts on the identification of properties of bioparticles and their manipulation. It can be easily expressed that contact mechanics has the most important role in identifying the characteristics of bioparticles and their manipulation based on atomic force microscopy because this field of mechanics describes the governing equations of physical behaviour during the contact of the tip and the sample surface. Most of bioparticles are soft and exhibit elastic-plastic behaviour. The development of Chang and Brake contact theories has been attempted for the purpose of their application in identifying mechanical properties of bioparticles and their possible manipulation. Simulation of contact mechanics based on atomic force microscopy is revealed in two fronts: first the contact between the target particle and the tip of the AFM and second its contact with the substrate. Therefore, in order to improve accuracy in the study, both contacts have been simulated.
In addition to Brake and Chang theories, simulation of Hertz and finite element contact models was also studied. Furthermore, in this paper, Brake and Chang theories with Tatara elastic state are also developed. Studying finite element simulation was conducted to validate simulations based on Hertz theory. Three different cancer cells, lowly (LNCaP), and highly metastatic human prostate cancer cells (CL-1, CL-2), and two normal bladder cells (Hu609 and HCV29), and three cancerous bladder cells (Hu456, T24 and BC3726) were chosen to be studied in this paper. Comparing simulations of Hertz, Brake and Chang elastic-perfectly plastic models with two different elastic states, and finite element for two hard and soft cells, Hu609 and Hu456, revealed an appreciable difference between Hertz and finite element results and the results from simulations of Brake and Chang elastic-perfectly plastic models with two different elastic states. This difference was due to the fact that Hertz theory was mostly used in in the simulation of the contact for manipulation and determination of mechanical properties of soft bioparticles, and is unable to explain the behaviour of the particles, thus making it inappropriate for such particles.
The results from simulations of Brake and Chang elastic-perfectly plastic models with two different elastic states, and finite element theories showed that for the same force, Hu456 has the maximum and Hu609 has the minimum indentation depth. Also, simulations showed that for the same force, the indentation depth in the contact between the tip of the AFM and the target particle is larger than the contact between the target particle and substrate. The main reason for this difference is the reduced equivalent radius in contact geometry of sphere-sphere compared to spherehalf space contact geometry. Due to this point, it can be concluded that Hertz theory can yield better responses in the contact between the tip of AFM and the target particle or generally in small radii.
Comparing the simulation of Brake and Chang elastic-perfectly plastic models with two different elastic states for three different cancer cells, lowly (LNCaP) and highly metastatic human prostate cancer cells (CL-1, CL-2) with experimental data showed that these theories are high indentation depth theories and are able to suitably describe the contact of soft particles. Finally, considering all simulations, it can be concluded that to accurately study the contact of soft particles for identifying mechanical properties and manipulating them, using theories such as Brake or Chang can be highly effective, due to their high indentation depth feature.
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